Abstract. Epidemiological studies show an association between the concentration of ultrafine particles in the atmosphere and the rate of mortality or morbidity due to respiratory and cardiovascular diseases. For the quantitative assessment of the toxicity of airborne nanoparticles the dose-response relationship is tested in in vitro test systems using bioassays of cell cultures as sensor. For the air-liquid interface exposure of cell cultures towards aerosols the Karlsruhe exposure system was developed. The human lung cell cultures are exposed in VITROCELL ® system modules with a constant flow of the conditioned aerosol. After exposure the cells are analyzed to measure the biological responses such as viability, inflammatory or oxidative stress. For the determination of the dose response relationship the accurate knowledge of the deposited particle mass is essential. A new online method is developed in the Karlsruhe exposure system: the sensor of a quartz crystal microbalance is placed in an exposure chamber instead of the membrane insert and exposed to the aerosol in the same way as the cell cultures. The deposited mass per area unit is monitored as a function of exposure time showing a linear relationship for a constant aerosol flow with defined particle concentration. A comparison of this new dose signal to a dosimetry method using fluorescein sodium particles shows a very good correlation between the sensor signal of the quartz crystal microbalance and the deposited mass on the membranes shown by spectroscopy. This system for the first time provides an online dose measurement for in vitro experiments with nanoparticles.
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Background
Epidemiological studies show an association between the concentration of fine and ultrafine particles (PM10, PM2.5, PM0.1) in the atmosphere and the rate of mortality or morbidity due to respiratory and cardiovascular diseases [1] . The assessment of the risk of airborne nanoparticles in workplaces or other atmospheres containing ultrafine particles is therefore an urgent task. The causes of the toxicological effects of ultrafine and nanoparticles to the human organism are yet insufficiently known. Besides the chemical composition, the physical properties of the particles seem to be of particular importance for the effects. For the quantitative assessment of the toxicity of airborne nanoparticles the dose -response relationship is tested in in vitro test systems using bioassays of cell cultures as sensor.
Material and Methods
For the air-liquid interface exposure of cell cultures towards aerosols the Karlsruhe exposure system was developed [2, 3] . This system consists of an isokinetic sampling unit to collect the aerosol from the particle loaded atmosphere (Figure 1 ). The particles bigger than 1 µm are removed by passing a size selective inlet like a cyclone. In the next step the aerosol is humidified up to 85% by injecting water steam. The aerosol temperature is controlled to 37°C. From this conditioned aerosol, sample flows of 100 ml/min each are directed into VITROCELL ® exposure modules [3, 4] , which contain three Transwell ® inserts with human lung cells on the microporous membrane ( Figure 2 ). The aerosol flows perpendicular onto the surface of the cell culture and the particles deposit on it. After exposure experiments of 1 up to 8 hours the cell cultures were taken out of the system and tested for different biological responses. The responses of the cells were analyzed by measuring the viability (LDH, AlamarBlue) as well as the release of Interleukin-8 (IL-8) as a marker for pro-inflammatory changes [5] . One of the essential questions for the determination of the dose response relationship is the accurate determination of the dose [6] . Especially for nanoparticles with extremely low masses this is the challenging point. To measure accurately the dose of deposited particles on the exposed cell culture surface two alternatives were developed and compared:
1. Fluorescein sodium dosimetry (FSD): The FSD is a highly sensitive method for a precise determination of the deposited mass exclusively on the membrane. Fluorescein sodium aerosol is generated as calibration aerosol by spraying a water solution of 3% of mass fluorescein sodium with a two phase nozzle in a heated air flow of 80°C. The water is dried out and the fluorescein sodium particles are sampled from the reactor to the Karlsruhe Exposure System and lead to the VITROCELL ® exposure chambers containing Transwell ® Clear membranes (Type 3450, Corning). After the exposure experiment the polyethylene membrane is cut out of the Transwell ® insert, washed in 10 ml ultra pure water and 10 min treated by sonication. The fluorescein sodium mass in the solution is analyzed by a fluorescence spectrometer Aminco Bowman Series 2. 2. Quartz crystal microbalance (QCM): Using a QCM for the online monitoring of particle dose the quartz is placed in a VITROCELL ® exposure chamber instead of the Transwell ® membrane insert and exposed to the aerosol in the same way as the cell cultures. In the Karlsruhe Exposure System in one of the 6 exposure chamber the membrane is replaced by the sensor crystal of a QCM. It monitors the deposited particle mass per area unit and time providing a control of the exposure quality.
Results
The deposited mass per area unit is monitored in µg/cm² as a function of exposure time in sec. It shows a linear increasing for a constant aerosol flow with defined particle concentration (Figure 3 ). For the comparison of the both methods, FSD and QCM, the calibration factor is determined as ratio of QCM versus FSD in µg/cm² (Table 1) . 
Summary
The Karlsruhe exposure system and the lung specific bioassay are an appropriate tool to screen the biological effects of different industrial particles directly in the particle loaded atmosphere. The new online measurement of the deposited mass in dependence of time provides a direct control of the exposure parameters like aerosol concentration.
